Artificial insemination (AI) of sows with frozen-thawed semen usually results in lower pregnancy rates and litter sizes than the use of liquid preserved semen. The present study evaluated the effectiveness of vulvar skin temperature changes as a predictor of ovulation in sows and determined the fertility rates obtained after AI with frozen-thawed semen supplemented with rosmarinic acid (RA). Semen was collected from mature boars and cryopreserved in experimental extenders supplemented with or without 105 µM of RA. Multiparous sows were inseminated with a single dose of semen when vulvar skin temperature decreased to a value below 35 °C. Intrauterine insemination was performed using 1.5 × 10 9 spermatozoa. The sows were slaughtered 48 h after AI and the embryos and oocytes were recovered from the oviducts. Total and progressive motility, viability and acrosome integrity were significantly (P < 0.05) higher in RA-supplemented semen samples compared with the control. Fertilisation occurred in all sows inseminated in the study, although there were no significant differences between the experimental groups. Sows inseminated with RA-supplemented semen showed a slight increase in the number of embryos recovered as compared to sows inseminated with control semen. In conclusion, insemination according to vulvar skin temperature changes resulted in successful fertilisation in all sows, although supplementation of the freezing media with RA did not improve the fertilising ability of frozen-thawed boar sperm.
Acta Veterinaria Hungarica 63, 2015 thawed (FT) semen (Johnson et al., 2000) . Low fertilisation rates and additional cost are the main factors limiting the common use of FT semen in pig production. However, the use of FT semen has several benefits including long-term storage, control of transmission of certain pathogens, preservation of valuable genetic lines, and global gene distribution (Johnson et al., 2000; Bailey et al., 2008) .
Several studies have focused on determining the factors underlying the poor quality of FT sperm and the variable farrowing rates and litter sizes obtained by its use (Johnson et al., 2000; Roca et al., 2006) . Differences in freezability of semen among boars, as well as attempts to optimise cryopreservation protocols and packaging systems have been reported (Eriksson and RodriguezMartinez, 2000; Hernández et al., 2007) . The high content of polyunsaturated fatty acids in the plasma membrane makes boar spermatozoa particularly sensitive during cryopreservation and produces molecular changes that decrease the lifespan of FT sperm (Cerolini et al., 2001) . Studies on the incorporation of antioxidant compounds to improve the quality of FT semen have been extensive (Kaeoket et al., 2010; Malo et al., 2010; Malo et al., 2012) , although the effect of antioxidant supplementation on sow fertility after AI is only marginally known. Antioxidant compounds from plant extracts, such as rosmarinic acid (RA), ameliorate the deleterious effects produced by oxidative stress during cryopreservation and improve sperm quality and in vitro fertilisation parameters when they are included in freezing extender solutions (Luño et al., 2014) .
Despite these improvements in FT sperm quality, the fertility of FT sperm can be highly variable. Different strategies have been applied in order to achieve optimal fertility, including changes in the dosage and place of deposition of semen and the frequency or number of inseminations (Waberski et al., 1994; Roca et al., 2003) . However, the main factor affecting fertility is the timing of insemination relative to the moment of ovulation (Bolarín et al., 2006) . FT boar sperm have a short lifespan (6-8 h), thus AI must be performed close to the time of ovulation. Different physical and physiological traits such as body temperature, vulvar reddening, sexual hormone levels, genital electrical resistance and genital mucus arborisation may be used to determine the moment of ovulation in sows (Rojkittikhun et al., 1992; Soede et al., 1994; Luño et al., 2012; Luño et al., 2013) . Vulvar skin temperature changes during oestrus have been described in several species (Junge-Wentrup and Holtz, 1984; Soede et al., 1997) . On the basis of digital infrared thermographic measurements, Scolari et al. (2011) reported that skin temperature in the vulvar and gluteal areas decreased several hours prior to ovulation. In addition, we have observed that vulvar and ear skin temperature decreased significantly in the periovulatory period (Luño et al., 2013) .
The aim of this study was to evaluate the fertilisation rate after insemination performed according to vulvar temperature changes observed around the time of ovulation. In addition, we studied the effect of rosmarinic acid supplementation of the freezing extender on the fertility rates of sows after AI.
Materials and methods

Reagents and media
All chemicals were obtained from Sigma-Aldrich Quimica, S.A. (Madrid, Spain) unless otherwise indicated. Orvus Es Paste (OEP) was from Minitüb (Tiefenbach, Germany).
Animals
The experimental study was conducted at a commercial pig breeding farm located in Zaragoza (Spain). On the day of weaning, multiparous crossbred sows (Landrace × Large White) were housed on straw in individual pens. The sows were fed a commercial diet (2150 Kcal metabolisable energy/kg, 14% crude protein and 0.7% lysine) once a day, and water was provided ad libitum. The care and use of animals were in accordance with the Spanish Policy for Animal Protection RD1201/05, which meets the provisions of Directive 86/609/EEC of the European Union regarding the protection of animals used for experimental and other scientific purposes.
Semen collection and freezing-thawing protocol
The sperm-rich fraction was collected from 6 mature fertile boars (Duroc) using the gloved-hand method. The semen was extended 1:2 in isothermal Beltsville Thawing Solution (BTS) for transportation. Sperm concentration, motility, acrosome integrity and normal morphology were microscopically evaluated by standard laboratory techniques, and only high quality semen was selected for the experiments.
Cryopreservation of sperm was carried out using the straw freezing procedure described by Westendorf et al. (1975) . After cooling to 15 °C, samples were centrifuged at 1500 × g for 3 min and the supernatant was discarded. The remaining semen was divided into two aliquots, a control sample and an experimental sample that was supplemented with 105 μM RA. Each semen aliquot was diluted in lactose-egg yolk (LEY) base extender containing 20% (v:v) egg yolk, 80% of 11% L-lactose solution (290 mM) and 100 µg/ml of kanamycin sulphate to yield a semen concentration of approximately 1.5 × 10 9 /ml. The sperm suspensions were cooled gradually from 15 °C to 5 °C during 2 h and then slowly diluted (2:1) with LEY extender with 1.5% OEP and 9% glycerol. The final sperm concentration to be frozen was 1 × 10 9 /ml, with 3% glycerol. The resuspended and cooled semen was loaded into 0.5 ml straws and sealed. The sperm samples were frozen in static nitrogen vapour (4 cm above the liquid nitrogen for 20 min) and were plunged into liquid nitrogen for storage. Semen samples from each group were thawed by immersing the straws in a circulating water bath at 37 °C for 21 sec and then resuspending the semen in BTS (1:4, v:v; 37 °C).
Analysis of semen quality
Motility (percentage of total and progressively motile sperm) was measured by means of a computer-assisted semen analysis (CASA) system (ISAS ® , Proiser, Valencia, Spain). For each evaluation, a 5-μl semen sample was placed in a pre-warmed Makler counting chamber.
Plasma membrane and acrosome integrity was evaluated simultaneously using fluorescein isothiocyanate conjugated with peanut agglutinin (FITC-PNA) and propidium iodide (PI) staining. An aliquot of 500 µl of semen suspension from each treatment group was supplemented with 10 µl of FITC-PNA solution (1 mg/ml) and 12 µM of PI solution, incubated at 38 °C for 5 min, and finally fixed in paraformaldehyde (4% [v/v] ) in saline solution. At least 200 spermatozoa were examined under a fluorescence phase-contrast microscope and the proportion of spermatozoa with intact plasma and acrosome membrane (PNA−/PI−) was determined.
Detection of oestrus and insemination
Detection of oestrus began two days after weaning. The sows were checked twice daily by allowing them to have nose-to-nose contact with a mature boar and by applying pressure to their back. The onset of oestrus was defined as the exhibition of a standing reflex in the presence of the boar. The insemination time was selected by measuring vulvar skin temperature (Luño et al., 2013) . Temperature was determined using a thermo-precision infrared forehead thermometer (Chicco, Grandate, Italy). The thermometer measures the infrared radiation given off by the surface of the forehead and converts this value into the corresponding temperature. The thermometer detects body temperature from a distance of 0.5 cm up to a distance of 10 cm from the skin. The sensitivity of the thermometer is ± 0.2 °C.
AIs were performed with a single dose of semen when vulvar skin temperature decreased to a value below 35 °C. For intrauterine insemination (IUI), the sows were randomly allocated to two groups: FT control sperm (n = 10) and FT RA sperm (n = 12). A deep insemination device (Magaplus, Magapor, Ejea de los Caballeros, Spain) was used. The catheter was inserted through the vagina and locked into the cervical canal. The flexible catheter was inserted though the exterior catheter and deposited the semen into the uterus. The semen dose contained 1.5 × 10 9 spermatozoa in 50 ml of BTS. After insemination, approximately 3 ml of BTS was flushed through the cannula to introduce the remaining spermatozoa.
Recovery of embryos and oocytes
Sows were slaughtered 48 h after AI and their reproductive tracts were collected. Each oviduct was separated from the uterus and flushed with 4% BSA in PBS from the infundibulum through the uterotubal junction. The embryos and oocytes obtained were evaluated under a stereomicroscope.
Parameter assessment
The recovery rate was defined as the number of embryos and oocytes recovered divided by the number of corpora lutea. The fertilisation rate was determined as the number of embryos divided by the total number of embryos plus oocytes recovered.
Statistical analysis
Statistical analyses were performed using SPSS version 17.0 for Windows. Student's t-tests were used to evaluate the significance of differences between the two groups in terms of sperm motility, sperm membrane integrity, number of ovulations, number of embryos, recovery rate and fertilisation rate. All data were expressed as the mean ± SEM, and P < 0.05 was considered significant.
Results
Effect of RA on sperm quality
The presence of RA in semen samples significantly increased both total and progressive sperm motility (P < 0.05) compared to untreated controls (58.9 ± 1.1% vs. 48.5 ± 1.6% and 36.7 ± 2.1% vs. 26.1 ± 2.1%, respectively). The proportion of spermatozoa with intact plasma and acrosomal membranes was higher in samples supplemented with RA than in the controls (56.7 ± 1.7% vs. 46.7 ± 1.1%, P < 0.05).
Effect of RA and insemination time on fertilisation rate
The study was performed with 22 sows, but four sows were excluded from subsequent analyses because their dissected tissues showed evidence of ovarian cysts. Therefore, the results were based on 18 sows. The weaning to oestrus interval was 86.7 ± 5.1 h and the oestrus to AI interval was 34.8 ± 5.9 h. The temperature of the vulvar skin at the time of AI was 34.4 ± 0.3 °C.
The number of ovulations, the number of embryos, the recovery rate and the fertilisation rate are summarised in Table 1 . The number of ovulations was 22.3 ± 6.7 and 21.4 ± 5.1 in the control and RA groups, respectively. The recovery rate was higher in the RA group than in the control, although it was above 77% in both groups. Fertilisation occurred in all sows inseminated in the study. However, there were no significant differences between the groups with respect to fertilisation rate (55.3% vs. 56.6%). Sows inseminated with RA-supplemented semen showed a slight increase in the number of embryos recovered compared to sows inseminated with control semen (9.7 vs. 9.4). Table 1 Effect of a single insemination according to vulvar skin temperature changes in the periovulatory period with frozen-thawed (FT) boar semen supplemented with rosmarinic acid (RA) on embryo production and fertility rates Recovery rate = number of embryos and oocytes / number of corpora lutea. Fertilisation rate = number of embryos / number of embryos and oocytes. The results are given as mean ± SEM
Discussion
The interval between AI and ovulation is a major factor affecting swine fertility, particularly when cryopreserved sperm with a short lifespan is used (Waberski et al., 1994) . We evaluated in vivo fertility after AI depending on vulvar skin temperature changes in the periovulatory period using FT sperm supplemented with 105 µM RA.
Different strategies have been employed to determine the time of ovulation, such as the duration of oestrus, ultrasonographic measurement of preovulatory follicle diameter, or hormone determinations (Soede et al., 1994; Lucy et al., 2001) . However, these methods are time consuming, invasive and not practical for routine use in swine farms. In this study, we performed AI in sows depending on vulvar skin temperature modifications. In a previous study we established that the temperature of vulvar and ear skin decreased significantly around the time of ovulation (Luño et al., 2013) . The drop in temperature occurred between 12 h and 0 h prior to ovulation, and then the temperature returned to normal values. These findings are in agreement with the observations of Scolari et al. (2011) who detected a decrease in skin temperature in the vulvar and gluteal area several hours before ovulation, as measured by digital infrared thermography. We detected a similar drop in temperature and we inseminated the sows when the vulvar skin temperature was less than 35 °C.
FT spermatozoa have a limited lifespan in the female genital tract. In addition, ovulation occurs approximately 36 h (ranges: 10 to 58 h) after the onset of oestrus (Soede et al., 1995) . The best fertility and farrowing rates with FT sperm are achieved when insemination is performed 6-8 h before ovulation (Waberski et al., 1994) . In this study, the sows were inseminated once between 12 h and 0 h before ovulation. We recovered embryos in all sows, although the fertilisation rates obtained were around 56%. The fertility rates achieved in this study were lower than those obtained using FT sperm in spontaneously ovulating sows inseminated once or twice with a deep intrauterine catheter (> 67%) (Bolarín et al., 2009; Yamaguchi et al., 2009) . Bertani et al. (1997) obtained a fertility rate of 78% after a single insemination 6 h before ovulation, but in that study synchronised sows were used. The timing of insemination with FT semen is critical because the duration of sperm fertility is reduced (Waberski et al., 1994) , and a single insemination with FT results in reduced fertility (Johnson et al., 1982) . However, Spencer et al. (2010) did not find differences between single and double insemination using FT sperm at 24 h and 32 h after the detection of oestrus.
Despite its limited use in pig farms, FT sperm can yield pregnancy rates higher than 77% and litter sizes of more than 10 fetuses. These results are achieved through the use of repeated deep intrauterine AI with 2 × 10 9 spermatozoa (Johnson et al., 1982; Roca et al., 2003; Roca et al., 2006) or double cervical AI with 6 × 10 9 spermatozoa (Roca et al., 2011) . The sperm dose has a variable effect on fertility and farrowing rates (Larsson et al., 1977; Johnson et al., 1982) , but using the smallest number of spermatozoa has economic advantages. Spencer et al. (2010) tested single and double AI with 1 × 10 9 motile spermatozoa and obtained pregnancy rates higher than 70% and 9.5 normal fetuses on the average. We used 1.5 × 10 9 spermatozoa (a number similar to that used in the cooled semen procedure) and achieved an embryo recovery rate of approximately 55%. This relatively low value may be related to boar fertility, sperm concentration or the use of a single AI.
Many studies have been conducted to improve the quality and lifespan of sperm during cryopreservation. The addition of antioxidant substances to the freezing extender enhances the survival of sperm (Alvarez and Storey, 1995) . In a previous study we found that 105 µM RA preserved sperm motility and quality at 120 min post-thawing due to the scavenging activity of RA (Luño et al., 2014) . In this study, sperm motility and membrane integrity were significantly higher after thawing in semen samples treated with RA as compared to the control. The in vitro fertilising capacity of sperm samples treated with RA was also higher than that of the control sperm (Luño et al., 2014) . However, for unknown reasons, RA supplementation did not enhance in vivo fertilisation rates after AI. During the cryopreservation process, capacitation-like changes are induced, and only uncapacitated spermatozoa bind to oviductal epithelial cells (Petrunkina et al., 2001) . Although RA-treated sperm exhibited a lower degree of plasma membrane and acrosomal membrane damage, RA did not increase fertilisation rates in vivo. Yamaguchi and Funahashi (2012) reported that AI with FT boar semen supplemented with beta-mercaptoethanol did not increase pregnancy or farrowing rates. However, Estrada et al. (2014) established that the supplementation of freezing media with reduced glutathione affected the in vivo fertilising ability of boar semen. The presence of 2 mM reduced glutathione in the freezing media increased the farrowing rates and the total number of piglets born.
In conclusion, we showed that a single intrauterine insemination with FT boar sperm timed according to vulvar skin temperature decreases during the periovulatory period resulted in successful fertilisation in all the sows used. Moreover, the supplementation of freezing extender with 105 µM RA did not improve the in vivo fertilising ability of FT spermatozoa.
